Introduction
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Amongst individuals with extensive white matter hyperintensities (WMH), a radiological condition that is thought to reflect cerebrovascular disease, clinically relevant episodic memory impairment may result from dysfunction of working memory and of executive control processes [12, 13] . Additional studies support this notion by showing that WMH are associated with reduced frontal glucose metabolism [14, 15] . Although substantial work has been done to study the role of neurodegenerative processes (pathologically characterized by plaques and tangles) on progression from aMCI to dementia, studies examining the impact of CVD markers on progression to dementia are more limited and have resulted in opposing results [16] [17] [18] . We therefore examined the impact of WMH on a group of 152 individuals with aMCI. We hypothesized that increased WMH would be associated with an increased likelihood of risk for progressing to AD.
Methods

■ Subjects
Subjects were drawn from the prospective, double-blind placebo controlled study to test the efficacy of donepezil and vitamin E on the progression of aMCI to dementia [19] . The details of study rationale, design and subject characteristics for the parent study and the MRI sub-study have been previously described, including description of previous qualitative estimates of medial temporal atrophy measures that were used as part of this study [19] [20] [21] . In brief, 769 participants were recruited from 69 Alzheimer's Disease Cooperative Study (ADCS) centers in the United States and Canada. Inclusion was based on criteria for amnestic MCI and modified to utilize the Logical Memory II subtest of the Wechsler Memory Scale-Revised adjusted for education [2, 22] . Additional requirements included a Clinical Dementia Rating (CDR) scale score of 0.5 and insufficient impairment to meet National Institute of Neurological and Communicative Disorders and Stroke-Alzheimer's Disease and Related Disorders Association criteria for AD [23, 24] . The study was conducted according to Good Clinical Practice guidelines, the Declaration of Helsinki, and the U.S. Code of Federal Regulations title 21 Part 50 (Protection of Human Subjects) and title 21 Part 56 (Institutional Review Boards). Written informed consent was obtained from all participants and study partners who had knowledge of the participants' functional activities. A data and safety monitoring board reviewed the blinded safety data every three months during the trial. Subjects were followed-up for three years and time to progression to dementia was recorded. AD was the clinically determined etiology for dementia in 99 % of the subjects. There was no significant treatment effect in the parent study.
A subset of 195 individuals received a research brain MRI examination at entry to the study as part of an ancillary study [25, 26] . These individuals were selected based solely on their willingness to undergo a research MRI and the availability of suitable MRI machinery at clinical sites that participated in the parent trial. No other criteria were used to select these subjects and subjects from 24 separate sites of the parent study were enrolled into this sub-study. Subjects of the MRI sub-study closely represented subjects of the parent study [25] : Percentage male participants was 56 % (53 % in the parent study), mean age 73 (same as parent study), Mini-Mental State Examination (MMSE) score 27.5 (versus 27.3 in the parent study), Clinical Demenita Rating (CDR) score 1.8 (same as in parent study).
■ MRI studies
The imaging protocol included a 3D T1-weighted gradient echo sequence, with 124 contiguous, 1.6 mm thick coronal slices and 2D proton density (PD) and T2-weighted spin-echo sequences with 24 transverse slices, slice thickness 5 mm. MRI data were sent from the participating centers to a central location at the Mayo Clinic in Rochester, Minnesota for quality check, storage and analysis. For this study, images were stripped from identity data and transferred to the Imaging of Dementia and Aging (IDeA) laboratory at the University of California at Davis. Of the original 195 scans, WMH from 43 MRIs could not be read due to image artefact or incomplete image acquisition of the T2-weighted series, leaving 152 subjects with MRI for analysis.
■ MRI visual rating
One independent rater (EvS), who was blinded to all demographic, treatment related and outcome data, applied a semi-quantitative visual rating scale for the analysis of WMH [27] . Using this scale, deep WMH were assessed on a 0 -6 scale in different brain regions, where score 0 reflects no WMH, and score 6 confluent lesions. The regions assessed were the frontal, parietal, occipital and temporal lobes, basal ganglia and infratentorial regions. A total deep WMH score (D-WMH) was composed by summing up the scores of the frontal, parietal, occipital and temporal regions (range 0 -36). In addition, periventricular hyperintensities (PVH) were assessed on a scale ranging from 0 -2 scale in three regions (frontal and occipital caps and bands). A periventricular lesion was operationally defined as adjacent to the ventricle and when exceeding 10 mm, a periventricular score of 2 was given and the excess of the lesion was scored in the region in which it was situated as deep WMH. A total periventricular score was composed of the scores of these three regions (range 0 -6).
A total WMH score (T-WMH) was created by summing up the scores for D-WMH and PVH. Intra-observer variability was good with an intraclass correlation coefficient (ICC) of 0.92. The number of lacunes was assessed, where a lacune was defined as a T1-hypointense and T2-hyperintense CSF-like lesion surrounded by white matter or subcortical gray matter with a minimum diameter of 2 mm and was not located in areas with a high prevalence of widened perivascular spaces (vertex, anterior commissure). Medial temporal lobe atrophy (MTA) was assessed on this data set in an earlier study by one independent rater (PS) on coronal T1 images, using a qualitative visual rating scale [20, 28] . This scale ranges from 0 -4 for both left and right medial temporal lobe region with higher scores indicative of increased atrophy. The scores for the left and right medial temporal lobe region were averaged and used as a general measure of medial temporal atrophy (Fig. 1) .
■ Statistical analyses
The primary outcome of interest was time of progression to AD, according to the NINCDS-ARDA criteria. Those that had not converted were considered censored at their last assessment. Cox proportional hazards models were used to assess the association of qualitative white matter ratings with progression to AD. Models were adjusted for age and education (model 1). In a second step (model 2), we added MTA score, and treatment arm and in model 3 number of lacunes was added to correct for the presumed influence of the AD process, treatment effect of donepezil or vitamin E, and vascular subcortical changes other than WMH. Kaplan-Meier curves were generated to illustrate the findings, by comparing those in the highest 25th percentile of white matter ratings to the remainder of the subjects. Mean differences in T-WMH, D-WMH, and PVH scores between individuals who converted to AD and those who did not were assessed using Mann-Whitney tests. All assumptions of the models were checked both graphically and numerically and were met by the data.
Results
Demographics and WMH scores of the total group of 152 subjects, converters (subjects who progressed to dementia, n = 55) and non-converters (subjects who did not progress to dementia, n = 97) are presented in Table 1.
The demographics of this MRI subgroup were similar to parent study. The mean age was 72.4 ± 6.6 years, the mean educational achievement was 15.0 ± 3.0 years and women made up 55.3 % of the sample. Mean baseline MMSE scores were nearly identical between the parent study (27.3 ± 1.8) and the current study (27.5 ± 1.8). Randomization by treatment arm was also well balanced in this study with 30 % randomized to donepezil, 32 % to vitamin E and 38 % to placebo.
A total of 55 subjects (36 %) converted to dementia over the 3-year study period. Subjects progressing to dementia were slightly older and included a higher percentage of women, but the differences were not significant. Converters, however, performed worse on baseline MMSE testing (26.8 ± 1.9) than did non-converters (27.9 ± 1.6), p < 0.001). Mean WMH scores amongst those who converted to dementia also tended to be higher. These differences were small and non-significant, although a trend was found for the PVH ratings (p = 0.057). Lacunes were seen in 13 subjects, of which seven converted. Mean (SD) scores were higher in subjects with lacunes than in subjects without lacunes for T-WMH (19.4 ml ± 12.2 vs. 12.8 ± 7.8), D-WMH (10.6 ± 7.6 vs. 7.0 ± 5.1) and PVH (4.5 ± 1.4 vs. 3.5 ± 1.2). Mean MTA ratings were significantly higher in converters than nonconverters. Table 2 shows the additional risk of progression to dementia with each one-point increase on the WMH rating scale. Only PVH was significantly associated with an increased risk of progression after correcting for age and education. A one-point increase in the rating was associated with a 59 % increased hazard of progression. This is also illustrated by Fig. 2 , which shows the relationship between the highest quartile of PVH (scores > 4) as compared to lower scores (scores ≤ 4) and progression to AD over time. Correcting for MTA and number of lacunes did not change the significance of this association, even though total PVH and MTA ratings were significantly correlated (r = 0.31).
In order to compare the relative risk for progression to dementia related to PVH and MTA, which were rated on different scales, we also fitted the Model 2 after zscore transformation. One standard deviation increase in the total PVH rating was associated with a 64 % increased hazard (β = 0.49, SE = 0.17, p-value = 0.003, Since ApoE genotype was a powerful predictor of progression from MCI to dementia in the parent study, we also assessed the relationship between WMH, MTA, and ApoE genotype. Mean PVH, D-WMH, T-WMH and MTA scores were significantly higher in ApoE4 allele carriers as compared to the non-carriers (p < 0.01 for the WMH scores and p = 0.046 for MTA).
Discussion
Our results indicate that PVH, and not deep subcortical WMH, increase the likelihood of progressing from amnestic MCI to AD. This is in line with previous crosssectional studies [29] . Earlier studies showed the influence of PVH on decline in cognition in non-demented elderly and risk of dementia [30, 31] . Moreover, the effect of PVH on progression to dementia was unchanged after correction for atrophy of the medial temporal lobe suggesting that WMH lesions may have effects independent of a presumed AD process and may increase the likelihood of clinically evident AD through an additive mechanism. This adds to the growing body of evidence that vascular factors increase lifetime risk of AD [16, [32] [33] [34] .
Quantitative measures of WMH and medial temporal lobe atrophy differ notably between AD subjects and healthy controls [35] . If we assume that most individuals with amnestic MCI have at least some AD pathology, WMH would be expected to increase the likelihood of progression to dementia as a second mechanism for brain injury similar to studies of stroke and AD [36] [37] [38] . Moreover, since WMH can lead to deficits in cognitive areas other than memory, such as executive function or attention, WMH related brain injury may result in additional cognitive deficits that would contribute to dementia diagnostic criteria [39, 40] . The above mentioned studies, however, did not differentiate between deep WMH and PVH, a notion that creates confusion and needs clarification for future studies [41] .
In our study, deep WMH did not substantially add to the risk of progression to dementia. There are at least two possible explanations for this finding. First, it may be that qualitative estimates of PVH closely estimate total WMH volume [42] . Second, it is possible that the periventricular region includes functionally important (cholinergic) neural pathways [43, 44] . Of course, the combined effect of total volume and location may be important. Finally, the significance of the PVH finding may be a limitation to the qualitative scoring method as neuropathological research suggests that the substrate of larger deep and periventricular lesions (a likely co-occurrence when PVH scores are high) is similar [45] . Irrespective of potential etiology, qualitative estimates of PVH seem to reflect the cognitive effect of subcortical subtotal vascular disease better than the deep WMH and can therefore serve as a better surrogate marker for disease in this population of amnestic MCI subjects. ApoE4 genotype has been found to increase the risk of developing AD, presumably by increasing amyloid beta protein (Aβ) deposition and enhancing the vulnerability of neurons for Aβ [46] . We found an association between ApoE4 and increased MTA and WMH scores. ApoE is also important to cholesterol metabolism and the ApoE4 genotype is associated with increased risk for cardiovascular and possibly cerebrovascular disease [47] . The association of ApoE4 with both MTA and WMH may, therefore, reflect a role in the development of vascular lesions as well as AD pathology and contribute to the apparent association between AD pathology, vascular factors and dementia.
One limitation of this study could be the use of the visual scale for the assessment of WMH. Visual scales are not always linear and the effect measured could be limited due to ceiling effects [48] . Our findings, however, showed a significant relationship of PVH with clinical data, indicating that the PVH assessment was sensitive enough in this population. An effect of WMH in general on progression from MCI to dementia, however, has not consistently been found. Small subject groups and limited number of individuals, who convert to dementia during the period of observation, may account for these discrepancies. In addition, we used the MTA scale, a qualitative rating scale. Visual MTA scores may not reflect hippocampal atrophy as precise as volumetric measurement of this structure on MRI, although differences between visual and volumetric scoring methods seem small with respect to clinical and cognitive characteristics [49] .
Results of double-blind, placebo-controlled, clinical trials to test efficacy and safety of drugs proven to be efficacious in AD, such as cholinesterase inhibitors, and vitamin E in MCI populations are being carried out and the first results are becoming available [19, 50, 51] . In animal models, permanent oxidative stress is a major contributor to neurodegeneration, leading to the investigation of protective effect of vitamin E as anti-oxidative agent [52] . However, intervention studies have not been able to demonstrate an effect in humans [53] . Besides neurodegeneration, oxidative stress could lead to vascular disease, especially WMH when this stress is chronic and subtotal. Vascular disease could therefore interfere with the effect of anti-oxidative agents, complicating the assessment of treatment effects. Cholinesterase-inhibitors reduce cognitive deficits in AD and VaD, but no effect has been demonstrated in prevention of AD [54] . These agents do not alter the underlying disease but optimize cholinergic status, leading to a modest and temporary improvement of symptoms. Subjects with vascular lesions could benefit from cholinesterase inhibitors since the lesions might disrupt important cholinergic pathways [44] . Given the results of this study and others vascular lesions seem to interact with degenerative disease, and prevention of these lesions, such as PVH, through control of vascular risk factors may prove helpful in reducing the likelihood of dementia for at risk populations [18, 55, 56] .
